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ABSTRACT

Thulium-doped fiber lasers operating with wavelengths in the vicinity of 2 µm are useful
for several emerging applications including generating mid-IR light via nonlinear frequency
conversion. In this study we describe the design and construction of a thulium fiber laser system
comprising a master oscillator and a power amplifier. The first stage is a Q-switched, thuliumdoped photonic crystal fiber oscillator utilizing an acousto-optic modulator to produce 65-80
nanosecond pulses. A diffraction grating in the cavity provides wavelength tunability from 1.8 –
2μm. The oscillator produced up to 3 W of average power and 150 µJ pulse energies,
corresponding to 2.3 kW peak powers. The amplifier stage consists of a large mode area, thuliumdoped, step-index fiber seeded with powers up to 2 W from the oscillator. An output energy of 700
µJ with 81 ns pulse width, was achieved at a wavelength of 1.9 µm. The effect of the fiber holder
temperature on the amplifier performance relative to output pulse energy and seed wavelength was
also studied.
As a part of this thesis, a methodology has been developed to thoroughly characterize
Tm:fiber amplifier performance. This has been the subject of prior work by several research
groups, however, this work explicitly focuses on the precise characterization of absorbed pump
power, pump bleaching, and extracted amplified energy for a range of input seeds power, pulse
energy, and wavelength in order to better understand amplifier performance.
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CHAPTER 1: INTRODUCTION
Several applications require high power laser sources in the 2-10 µm wavelength range
such as remote sensing, LIDAR [1-3], and medical applications [4]. Historically, laser sources in
the mid-IR have been limited to gas laser systems like carbon dioxide CO2 [5] and hydrogen
fluoride (HF) [6] lasers. More recently, the mid-IR source market has been dominated by rapid
development of high power and high efficiency CW mid-IR semiconductor lasers including; InP
diodes lasers, Quantum cascade lasers (QCL), Interband cascade laser (ICL) [7]. At the same time,
building upon advancements in the near-IR, the development of fiber laser in the mid-IR regime
has advanced and now provides mid-IR wavelength lasers with multi-W average power, multi-μJ
pulse energy, and nearly diffraction-limited beam quality, such as those based Erbium (Er),
Thulium (Tm), Holmium (Ho), and Er:ZBLAN with 1.5, 1.9-2.1, 2.1, and 3.5 µm emission
wavelengths, respectively [8-10]. Pulsed fiber laser sources are also well suited to pumping midIR optical parametric oscillators (OPO) based on nonlinear crystals such as GaAs, ZnGeP2,
LiNbO3, AgGaSe2, CdSiP2, and OP-GaP [11-14] to extend the wavelength tunability for the
applications mentioned above.
This thesis focuses on the development of a high average power 2 µm Tm:fiber laser system
and associated methodologies to properly characterize/optimize the performance of the amplifier
in such fiber laser systems. The objective is to achieve a 1 mJ output pulse energy with 10 W
average power with narrow linewidth and linear polarization. These parameters satisfy the
requirements for a wide range of applications including OPO pumping.
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Chapter 1 gives an introduction and a brief review of optical fibers and fiber lasers. The
design and material properties of fibers are discussed, including discussion of step index and
photonic crystal fibers. The last section in Chapter 1 is devoted to describing thulium-doped silica
fibers and their corresponding applications.
In Chapter 2, the concept of an Optical Parametric Oscillator (OPO) is introduced and the
benefits of the Tm:fiber laser as a pump are expanded. In general, the primary deficiency of pulsed
fiber laser systems relative to solid-state systems is in pulse energy scalability. The nonlinear
phenomena that limit high pulse energy scalability in fiber lasers, in particular self-phase
modulation (SPM), are discussed in greater detail.
Chapter 3 presents the methodology for characterizing the fibers including the
experimental layout. This chapter includes details on the oscillator and amplifier experimental
configurations.
Chapter 4 summarizes the experimental performance of the MOPA system which consist
of a Q-switched Tm:fiber oscillator as seeder, and the large mode area Tm:fiber amplifier. Results
in regards to pulse energy, spectral tuning range, and the effect of temperature are presented.
Lastly, Chapter 5 concludes by summarizing the thesis including the performance of the
laser as it relates to OPO pumping. This discussion will include further improvements to the
system.
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1.1 Optical Fiber Structure and Properties
Optical fibers are waveguides that, at the most basic level, enable the propagation of light
with defined spatial modes with minimal losses. These optical waveguides have revolutionized
telecommunications as well as transforming sensing, material processing, and medical
applications. The fiber can also be doped with laser-active ions to enable fiber lasers and
amplifiers. Today, fiber laser systems are replacing gas and bulk solid state laser systems because
they are generally more efficient, cost-effective, and enable modular design. This chapter will
describe important properties of optical fibers, different fiber geometries, and thulium-doped fibers
[15-22].

Figure 1. Optical fiber cable diagram and cross section

Generally, optical fibers are made of silica glass and comprise of core, inner cladding, and
a polymer cladding for mechanical reliability. In this work, we will focus only on silica-based
fibers, however optical fibers can be designed from other glasses, or even polymers. In a stepindex fiber (SIF) as illustrated in Figure 1, the structure of the fiber consists of multiple layers with
different indices of refraction, where the core has refractive index, n1, and the inner cladding
typically has a lower refractive index, n2. The structure of the fiber is engineered into an optical
waveguide confining the light in the core [23].
3

Fiber developments have led to many different operating regimes and classifications.
Fibers doped with a laser-active ion are known as active fibers, while those without are known as
passive fibers. SIF’s with small core diameters and V-number below 2.405 (Section 1.1.1) [24] are
generally single mode fibers (SMF), which guide only one transverse spatial mode. SIF with larger
core diameters and higher V-parameter guide many transverse modes and are known as multimode
fibers (MM). SIF Fibers, which have core diameters similar to MMF but are designed to support
only a few transverse modes, are often differentiated as large mode area (LMA) fibers. Such fibers
are often designed and/or implemented in such a way as to suppress higher-order transverse mode
content. Figure 2 depicts these differences in SIF.

Figure 2: Single and multi-mode optical fibers with refractive index profile and light propagation.

The difference between the core and cladding refractive indices defines the numerical
aperture (NA) of the waveguide as shown in Equation 1. The NA also describes the maximum
angle that allows coupling of the light into the core. [25]
4

NA = √ncore 2 − ncladding 2

( 1)

The mode field area (MFA) is a property of the beam in the waveguide described by
Equation 2, where I(r) is the radial intensity profile. This is the effective area of the mode and
should be used when determining nonlinear thresholds, energy extraction, and other parameters of
the fiber mode. [26]
∞

MFA=

2π(∫0 I(r)rdr)

2

∞
(∫0 I2 (r)rdr)

( 2)

1.1.1 Step Index Fibers

An important parameter for SIF is the V- number, seen in Equation 3. This is a normalized
frequency parameter that describes the number of modes that will propagate. λ is the operating
wavelength, a is the fiber core radius and NA is defined in Equation 1 [24].

𝑉=

2𝜋
𝜆

∙ 𝑎 ∙ 𝑁𝐴

(3)

In SIF, a V-number < 2.405 ensures single mode operation with no higher order modes
(HOM) content. Equation 3 shows that to maintain single mode operation, the NA must be
decreased if the core size is increased, however typical fabrication limits NA ≥ 0.05 [24]. The
higher the V-number, the more associated HOM’s propagate in the MM fiber [24].
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1.1.2 Photonic Crystal Fibers
In the 1990’s, Philip Russell invented a new type of fiber design known as Photonic Crystal
Fibers (PCF), which utilizes microstructures. One application of this technology has been to
increase MFA while decreasing NA [27]. These microstructures often utilize air holes, an example
of a PCF used in this work is shown in Figure 3. [28-30].

Figure 3: Photonics Crystal Fibers PCF

The primary advantage of the PCF architecture in fiber lasers is that the structure provides
the ability to more precisely engineer lower core NA’s to enable larger MFA’s. Figure 3 illustrates
the PCF structure in detail. This particular architecture includes several regions; signal core (red
circle), air holes (white points), pump core (blue area), air clad (white dash line circle), and stress
rods (orange points). The core is solid-glass and rare earth doped with Yb, Er or Tm in active
fibers.
The air holes have a specific distribution based upon hole diameter and the distance
between two holes (pitch) [31-32]. In the simplest configuration, the air holes make it possible to
precisely lower the refractive index of the cladding relative to the core. However, as the diameter

6

of the air holes increases, they have a stronger impact on the propagation of the light such that the
size and pitch of the air holes determines the waveguide performance, requiring more advanced
fiber designs.
For a PCFs including air holes, the V-number is defined in Equation 4 [32],

𝑉𝑒𝑓𝑓 =

2𝜋
Λ𝐹 0.5 √𝑛𝑜2 − 𝑛𝑎2
𝜆

(4)

Where; Veff is the effective V parameter, Ʌ is the pitch, F is the air filling fraction, no is the index
of the glass, and na is the index of the air. Compering with Equation 3, the V-number is relative
to the NA. The ratio d/Ʌ is the usually <0.4 [32], where d is the air hole diameter and Ʌ is the
distance between two air hole centers, which is the primary factor determining the core NA.
PCF fibers with LMA can be tailored to produce nearly single mode beam quality. Due to
the ability to engineer smaller core NA’s, the PCF architecture enables larger mode areas and lower
nonlinearity, which it’s mean the light behave through a media that dielectric polarization is not
response linearly to it’s electrical field, than has been possible to-date with SIF therefore offering
high output energies and brightness. PCFs have enabled several recent performance records in
pulse energy and peak power for high brightness fiber laser systems. LMA PCF with large core
fiber to obtain multi-kW average and peak power [33], In order to suppress the HOM content,
several PCF structures have been developed to increase the high order mode (HOM) loss while
maintaining low loss in the fundamental mode (FM) [34]. This is the fundamental concept in
leakage channel fibers (LCF) [34] and large-pitch PCF (LPF) fibers [35]. In addition, there are
several, non-PCF approaches to scaling the mode area beyond what is possible to with
7

conventional SIF. This includes chirally‐coupled core (CCC) fiber, in which one of more satellite
cores wrap helically around the central LMA core to filter out the HOMs [36-37].

PCFs working at 1 and 2μm gain have proven attractive in both scientific research and
commercial systems as they provide low NA, high average power, high energy, with low
nonlinearity [30]. NKT Photonics [38] is an established commercial supplier of Yb:PCF products
which have been incorporated into commercial laser systems from Eolite, Coherent, and
Amplitude systems.

1.2 Thulium-doped Fibers
Thulium doped fibers are interesting because of the broad emission wavelength from 1.6 –
2.0 µm. As such, they are considered “eye-safety” because the cornea, the aqueous humor, or the
vitreous humor will absorb light at these wavelengths preventing damage to the retina [40].
The first Tm:fiber laser reported was in 1988 by Hanna at Southampton university [41] .
They used a fiber with NA = 0.15, 9 µm core diameter, 1.3 m fiber length with 830 ppm doping
concentration. Emission wavelength was ~1.9 µm pumped by 800 nm dye laser to extract 2.7 mW
CW output laser with slope efficiency of 13%. [42].

8

Figure 4: Thulium energy levels.

The thulium ion doped in silica glass has four energy levels relevant to this work, as shown
in Figure 4. The glass host causes inhomogeneous broadening, which provides a wide emission
bandwidth [44-45] and therefore supports wide spectral tunability and the generation/amplification
of ultrashort duration pulses.
Each thulium energy level has sublevels that are inhomogeneously broadened. Thus in an
electrical field, this leads to different ions with slightly different in energy levels [46]. The splitting
in each energy level because of the electrical field is known as Stark splitting effect [47]. Silica
glass has high phonon energy of ~ 1050-1100 cm-1 (~0.13-0.14 eV). This will affect the
multiphoton emission and due to this it will reduce the level lifetime from 6 ms to ~230-500μs,
which is very important to optical gain [48].
Energy transitions in the thulium ions can be classified into; transitions inside one thulium
ion, and transitions among multiple thulium ions. Absorption inside one thulium ion has three
pumping transitions from the ground state energy level 3H6 to the upper levels; 3H4 with 0.79µm,
9

to 3H5 with 1.1-1.2µm, and to 3F4 with 1.5-1.9µm pumping wavelengths. Another absorption
transition is from the ground state to the 3F2 level with 0.66-0.69µm pump wavelength, but this
transition is weak. Laser transition occurs between 3F4  3H6 energy levels with ~1.8-2.1μm
wavelength.
Cross relaxation (CR) and energy transfer upconversion (ETU) processes occurs among
multiple thulium ions. The energy transfer among Tm ions is nonradioactive, which is described
Förster energy transfer theory by quantum mechanics. In CR, an excited ion that decays from the
3

H4 to the 3F4 level excites a nearby ion from the 3H6 to the 3F4 upper laser level proportional to R-

6

where R is the interionic distance [48]. As such, CR is a beneficial process capable of producing

two signal photons for one pump photon. On the other hand, ETU is an unwanted process because
in which ions in the 3F4 upper laser level are further excited into a higher energy state, depleting
gain and causing the generation of heat [43-49]. These subject are described in detail in Jackson
[49], Liu [51], and Simpson [52].

1.3 Tm fiber laser Applications
Thulium fiber lasers have many interesting applications arising from their spectral
characteristics. An important advantage for thulium relative to ytterbium lasers comes from the
fact that 2 μm wavelength is “eye safe”, which refers to the fact that light with wavelength longer
than 1.4 μm is absorbed by the water in the cornea tissue, lens and/or vitreous humor before it
reaches the retina [54]. This can be a significant advantage for applications requiring propagation
through free space.
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Tm:fiber lasers [40] are well suited to pumping nonlinear frequency conversion schemes
to produce light sources in the 2-15 µm. This wavelength regime is important for a wide range of
spectroscopy and defense-related applications. Numerous molecules have spectroscopic
fingerprints in this mid-IR and far-IR regime. As such, pulsed systems operating in this wavelength
range are useful as sources for remote sensing [56], LIDAR [57], and free-space communications
[58].
In addition thulium fiber laser are attractive for several applications in material processing
[40] including IR optical materials [59], and the medical field uses thulium fiber laser in surgery,
urology, and several medical applications [60].
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CHAPTER 2: 2µm FIBER IN LASERS SYSTEMS
The motivation of this work is studying the extractable energy from the 2 µm fibers in
order to optimize the system performance for applications such as OPO pumping. In 1961,
Giordmaine presented the first discussion on an optical parametric oscillator (OPO) [ 16]. An OPO
is an optical resonator for a nonlinear medium and depends on frequency conversion [ 12]. The
pumped laser interacts with a nonlinear crystal inside the OPO which produces a new signal via
nonlinear frequency conversion. [16]. This chapter provides a discussion of the development of
pulsed Tm:fiber laser systems and their performance in terms of pulse energy, average power,
beam quality, polarization purity, and wavelength control. Relative to previous work within our
group on this subject, the goal is to obtain 1 mJ output energy with 10 W average power to satisfy
the performance requirements for OPO pumping and other demanding applications.
2.1 Nanosecond Pulse Generation by Q-Switching
There are different techniques to generate nanosecond duration laser pulses. These
techniques can be characterized as either Q-switching or gain switching. This work focuses on
active Q-switching. As such, detailed discussion of saturable absorbers, mode-locking dynamics,
and gain switching is outside the scope of this thesis.
The Q-switching technique makes it possible to operate pulsed laser in the kW power range
at nanosecond pulses [65]. The first Q-switch laser reported by McClung in 1962 used a Kerr cell
with ruby laser [66]. In 1992 Kishi reported the first Thulium fiber with an acoustic modulator for
mode locking a laser [67], while, Myslinski reported the first Q-switching thulium fiber laser
system in 1993 working at 4 kHz repetition ratio producing 4 W average power, 120 ns pulse
duration at 1.9 μm wavelength [20].
12

The Q-factor, quality factor, is defined as the ratio between the storage energy to the lost
energy inside the medium per single cycle [68]. The Q-switching process has three main steps;
population buildup, saturation, and pulse buildup. In the population buildup phase, the Q-factor is
low (high loss) inhibiting laser oscillation in the resonator while the gain medium is actively
pumped to create large population inversion and store energy. When the Q factor is switched to
the high (low loss), the gain associated with population inversion is much greater than the lasing
threshold leading to a very fast rapid increase in the photon density inside the resonator. In order
to form a short pulse, the switching time should be smaller than the population inversion photon
lifetime [46,69]. If properly optimized, the pulse will extract sufficient gain to reduce the final
population inversion such that the gain is lower than lasing threshold, and the pulse will terminate.
This will build up the output pulse intensity very fast too exponentially, during that the gain drains
proportionally. Then the pulse inversion will decay [46,69].
In this work, Q-switching is accomplished using an Acousto-Optic Modulator (AOM) to
generate nanosecond pulses. The Q-switching cavity is shown in Figure 5, consisting of: high
reflection mirror (HR), output coupler (OC), gain media, and the AOM Q-switching device.

Figure 5: Diagram of a Q-switched laser cavity (Q-SW – Q-switching device).
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2.2 Nanosecond Tm:Fiber Lasers
Typically, OPO pumping relies upon pulsed lasers providing the best combination of high
energy, high average power, and good beam quality. OPO pumping represents one of the most
demanding applications for pulsed lasers, and the object of this thesis is to optimize the
performance of a nanosecond, 2-μm wavelength fiber-based MOPA system for OPO pumping. A
source with such performance is also well suited for applications research in materials processing,
LIDAR, and other applications. Nanosecond thulium fiber lasers are desirable for such
applications because of their excellent beam quality, potential for high pulse energies/peak powers,
and the 1.8-2.2 µm emission wavelength. In particular, the emission wavelength is critical to many
applications such as CO2 characterization [70], and OPO pumping of nonlinear materials such as
ZnGeP which significantly absorb wavelengths <1.95 µm. Tm:fiber lasers offer high efficiency,
surpassed only by ytterbium (Yb) fiber lasers. Typical pump sources include Er:fiber lasers
operating at ~1.5 μm and laser diodes with 793 nm center wavelength. Despite the large difference
in pump and signal photon energy, diode pumping of Tm:fiber can be very efficient due to crossrelaxation through which one pump photon can generate two signal photons [48].
The first Q-switched Tm:fiber laser was reported in 1993 by Myslinski, in which a Tm:SIF
fiber with 5 µm core diameter, 250 ppm thulium doping concentration, and 1.05 m fiber length
was pumped by a 110 mW Ti:sapphire laser to produce pulses at 4 kHz repetition rate with 130 ns
pulse and 4 W output peak power at 1.92 µm emission wavelength [69]. The development of
pulsed Tm:fiber sources has continued to advance and improve efficiency, brightness, output
energy, and average power.
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The rod-type Tm:PCF has high impact in high energy and peak power thulium fiber laser,
because it’s capable to reach 50-100µm core diameter with NA and high brightness [103-104].
The first rod-type Tm:PCF laser reported was in 2013 by Gaida in our laboratory [70]. Tm:PCF
was used as preamplifier stages, which ultimately seeded a rod-type Tm:PCF to produce 6.5 ns
pulses with 6.4 mJ energy, ~1 MW peak power at 1 kHz repetition rate with M2<1.3 [70]. Stutzki
in 2013 used a double-end pumped scheme on a 1.8-m long thulium PCF-rod fiber, which
produced 2.4 mJ energy, 33 W average power, 13.9 kHz repetition rate, 15 ns pulse width, and
M2~1.3 [71]. To avoid nonlinearity as much as possible, researcher goes to the ultrashort pulses.
Eidam, through self-compression of ultrashort pulses from a Tm:fiber CPA system which provide
1.45mJ, 800 fs, ~GW peak power at 1030 nm wavelength [72]. Gebhardt [73] demonstrated that
it is possible to support peak powers up to 24 MW in a solid-core fiber at 1.95 μm center
wavelength and 27 fs final pulse duration. This is particularly important as it confirms that higher
peak powers are possible in silica fiber at 2 μm than at 1 μm.

Table 1 highlights the important nanosecond pulsed Tm:fiber lasers published to date.
Extensive work has been conducted through the years on Tm:fiber lasers, a review of 2 µm fiber
lasers can be found by Jin [74].
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Table 1: Review of Q-Switched Tm:fiber lasers
Output
Fiber

Pump
Laser

type

Slope

Peak

Pulse

Efficiency

Power

width

Energy

λ(μm)

R.R

(mJ)
λ(μm)

Year

Reference no.

(kHz)
(%)

(kW)

(ns)

SIF

0.79

1.92

-

30

4

130

4

1993

Myslinski

72

SIF

0.79

1.96

0.040

16

-

200

2.8

2001

Barnes

78

SIF

1.32

2.0

-

-

4.1

150

30

2003

El-Sherif

79

SIF

0.79

1.8

0.090

33.4

9

160

100

2007

Eichhorn1

80

SIF

0.79

2.13

0.264

29

7

45

100

2008

Eichhorn2

81

SIF

-

1.91

2.4

-

50

50

50

2010

Jianqiu Xu

82

PCF

0.79

2.0

6.4

16.8

920

6.5

1.0

2013

Gaida

70

SIF

0.79

1.951

1.0

58

10

40

50

2014

Tang

81

PCF

0.79

1.91

0.120

39

200,000

0.9

24

2014

Gaida

82

SIF

1.55

2.04

7.0

52.5

53.8

114

-

2015

Yang

83

2.3 Nonlinear Phenomenon in Nanosecond Fiber Lasers
Nonlinearity has a major effect limiting the performance of fiber lasers. For example, light
of sufficiently high intensity modifies the refractive index of a medium. This is known as the Kerr
effect and is described in equation 5 [50]
ń = 𝑛 + 𝑛2 𝐼

(5)

Where, n is the linear refractive index, n2 is the nonlinear index, and I is the optical intensity. This
effect leads to the generation of new optical frequencies by self-phase modulation (SPM). SPM in
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Q-switched fibers is significant because of the long interaction length characteristic of fibers. The
maximum nonlinear phase shift (MNPS) is given by Equation (6): [50]
𝜑 max =

2𝜋𝑛2 𝐿𝑃0
𝜆 𝐴𝑒𝑓𝑓

(6)

Equation (6) shows that the MNPS depends on the pulse’s peak power (P0), the effective mode
area (Aeff), and the fiber length (L).
In 1967, Shimizu reported the first observation of SPM in liquids [83], followed by Alfano
in 1970 observing SPM in glasses and crystal [84], and in optical fibers by Stolen in 1978 [85].
SPM is unwanted in many systems because of the nonlinear phase and spectral broadening
accumulated, but SPM can also be useful. For example, SPM is critical in the formation of an
optical soliton [86] and in the process of supercontinuum generation.

2.3.1 Self Focusing
In 1964 Chiao [87] presented the electromagnetic wave interact with a nonlinear material
will increases field intensity, change the propagation properties and result in self-trapping. Shen
[88] in 1975 has the early term self-focusing (SF), the laser will focus by itself through a nonlinear
material.
The longer emission wavelength enables larger mode field area given the same fiber
numerical aperture as described by the V-parameter [32]. Furthermore, the longer wavelength
reduces nonlinear effects in particular self-phase modulation (SPM) and critical power for selffocusing as defined by equation 7:
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𝑆𝐹𝐿
𝑃𝑐𝑟𝑖𝑡

3
𝜆2
=
∗
20 𝑛0 𝑛2

(7)

Where; λ is the wavelength, n0 and n2 are the linear and nonlinear refractive indices that
don’t show real dependency. Gebhardt [90] demonstrated the ability to support 24 MW peak power
in a solid-core silica fiber at 2 μm center wavelength relative to the maximum of 6 MW possible
at 1 μm due to the dependency illustrated in equation 7.

2.5 OPO Review
In order to provide better background regarding the laser requirements for OPO pumping,
the following section provides a brief review of OPO principles and some specific examples of 2
μm pumped mid-IR OPOs. Optical parametric generation (OPG) is most simply explained in terms
of a monochromatic frequency (ωp) pumping a nonlinear crystal (NLO) with 𝜒2
susceptibility. The single pump photon generates two photons idler (ωi) and signal (ωs), such that
the energy of the pump photon is distributed between the signal and idler as illustrated in Figure
6-A. Three aspects determine the OPG; energy conservation, momentum conservation, and phase
matching (PM). [ 1,16,61] An optical cavity providing feedback for the signal and/or idler around
an OPG crystal as illustrated in figure 6-B forms an OPO.
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Figure 6: OPO Schmitt. Consist of four mirrors and nonlinear crystal.

According to the law of energy conservation, the pump frequency should be equal to the
summation of the idler and signal frequencies. [1-2]
𝜔𝑝 = 𝜔𝑖 + 𝜔𝑠

(8)

In order to satisfy the law of conservation of momentum, the wavevectors for the pump, signal and
idler must follow the equation 9:
𝑘𝑝 = 𝑘𝑖 + 𝑘𝑠

(9)

Equation 9 represent PM in the ideal model. However, in reality there is a mismatching,
Δk, related to the dispersion of the NLO crystal. This dispersion in the NLO crystal depends on the
crystal temperature, refractive index, the crystal orientation, and the appropriate selection of
polarization [2, 25, 91-92].
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The mismatch of the vector value is Δk=2π/l. Equation 9 will be rewritten to equation 10
in order to satisfy the summation conservation in real PM calculations [2,25,91-92]:
𝑘𝑝 = 𝑘𝑖 + 𝑘𝑠 + ∆𝑘
Where Δk is the phase mismatching condition:∆𝑘 =

(10)

𝜔𝑗 𝑛𝑗
𝑐

ωj is the angular frequency for the wave in vacuum, and nj is the refractive index for the wave in
the material, (j = p (pump), i (idler), s (signal)). The gain for the signal wave can be found via
Equation 11 & 12 [93]:
Δ𝑘 2

𝐺𝐼 = Γ 2 𝐿2 𝑠𝑖𝑛𝑐 2 [{√( 2 ) − Γ 2 } 𝐿]…..for low gain

𝐺𝐼 (𝐿) = 0.25 ∗ 𝑒 2Γ𝐿

….. for high gain

(11)

(12)

Where, Γ: loss, and L: NLO crystal length.
𝛥𝑘 2

When the loss Γ is close to zero, or 𝛤 2 < ( 2 ) , the OPO will have superfluorescent
Δ𝑘 2

parametric emission, or high gain. However, when Γ 2 ≥ ( ) then the OPO has low gain.
2

The OPO resonator can be configured in several ways depending on the desired operation
and application. In Figure 6-B, is shown a linear OPO resonator. Figure 6-C shows a cross OPO
resonator. Armstrong in 1962 and Franken in 1963 explained OPO during their work principle
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[94-95]. An in-depth explanation and theoretical overview of OPOs can be found in the following
references [61, 96].
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CHAPTER 3: EXPERIMENTAL SETUP & AMPLIFIER CHARACTERIZATION
This chapter focuses on the study and optimization of pulsed amplification in Tm:fiber.
The experimental setup is a thulium fiber master oscillator amplifier (Tm:fiber MOPA) consisting
of a Q-switched Tm:fiber oscillator and single-stage Tm:fiber amplifier. Relative to the goal of
achieving both high average power and high pulse energy, the amplifier design is critical and the
performance must be carefully characterized. In reviewing previous work, the primary effort of
this thesis is to establish an amplifier test bed for the precise and accurate characterization of
multiple parameters including seed energy/power, extracted energy/power, output spectrum
(including measuring optical signal to noise ratio (OSNR)), pulse shape, and beam quality along
with pump coupling and pump absorption. Proper methodology in the design of the experiment,
data collection and data analysis is critical and the methodologies implemented in these
experiments are described in detail.

3.1 Fiber Characterization & Experimental Methodology
Figure 7 illustrates the experimental implementation of the amplifier. In order to minimize
the uncertainty in characterization, the configuration of the fiber under test and the input/output
coupling has been simplified as much as possible. The fiber is a single section of active fiber,
without splices to passive fiber or endcaps; the pump and signal are free-space coupled. Overall
repeatability in data collection is critical to enable comparison of different fibers.
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Figure 7: Fiber characterization algorithm

This methodology consists of three mains sections: coupling, measurement & repeatability,
and data analysis. Coupling is the biggest concern in all free space fiber laser systems [23]. If the
fiber coupling is slightly misaligned, there will be significant insertion loss. Zemax ray tracing
software is used in this work to simulate the pump and signal coupling telescope performance in
order to optimize and estimate coupling efficiency. This simulation makes it possible to test the
impact of telescope alignment on coupling, including any resultant aberrations in order to optimize
the telescope design.
As part of this work, it had been necessary to develop and thoroughly characterize
methodologies to measure pump absorption, signal amplification and extractable energy as well
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as optical damage and nonlinear spectral broadening.

This includes the measurement of

transmission at 792 nm and 2 μm, and determining amplifier performance relative to pump and
seed power. The pulse energy, duration and spectrum are measured before and after amplification
to study gain saturation and nonlinearity.
3.1.1 Experimental Fiber Characterizations

Experimentally, coupling is optimized while measuring transmitted power and imaging the
fiber facet to ensure the correct spatial distribution of the coupled beam (depending on if core or
cladding coupling is desired). To confirm the coupling is repeatable, the fiber is removed from
the system and replaced numerous times. Each time, the above parameters (power transmission
and spatial distribution in the fiber) are recorded.
Zemax was used to simulate the pump coupling telescope design, shown in Figure 8, in
order to simulate the optimal lens position with respect to the optical fiber, as well as the beam
spot on the fiber. The optimal design provides an optical coupling efficiency of 95%. The 5% loss
results from the aberration in the telescope and partial reflection from AR coatings. As shown in
Figure 8-B, the telescope has 100 mm separation distance between lenses to provide space for the
dichroic mirror (HT for the pump, and HR for the signal). Lenses positions in X, Y, and Z axes
are very sensitive, with misalignment leading to changes in the focal spot diameter and position as
shown in Figure 8-C. The Zemax simulation is bounded by the NA of the diode laser delivery
fiber, details of the lenses used, and the NA of the Tm:SIF fiber.
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Figure 8: Zemax design of the pump telescope

The optical pump for the fiber laser is a diode array providing 100 W at 793 nm
(manufactured by DILAS), and is delivered by a fiber with 200-μm diameter and 0.22 NA. The
Tm:fiber under test in these experiments is a polarization maintaining (PM) LMA fiber with 25
μm core diameter with 0.09 NA, and 400 μm cladding diameter with 0.46 NA. The telescope pump
coupling telescope consists of two aspheric lenses (Asphericon), one with 40 mm focal length,
0.54 NA and a second lens with 50 mm focal length, 0.54 NA and anti-reflection (AR) coated for
2 μm [97]. The optimized separation distance between pump delivery fiber and the first lens is 40
mm, and the distance between the second lens and the facet of the Tm:fiber is 32 mm.
The coupling and fiber characterization experimental setup is shown in figures 9 & 10.
The 2 μm signal (Red arrow) from the amplifier fiber is transmitted through the telescope and
reflected by the dichroic mirror for characterization, including a beam profile camera (Pyrocam III
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from Spiricon), power meter (Coherent PM 10 model, 0.25-11 μm), an optical spectrum analyzer
(AQ6375 from YOKOGAWA) and a digital oscilloscope (Tektronix DPO 3052) to measure the
pulse width.

Figure 9: Fiber characterization experimental setup

A

B

Figure 10: A) The coupling telescope and measurement setup. B) The fiber characterization set up.
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Two cameras are used in the optimization process; the first one is used to optimize the
pump coupling using white light or 793 nm pumping light and the second other camera is used to
optimize 2 μm coupling to the fiber core. Figure 11-A shows the pump distribution before coupling
optimizing, and figure 11-B is after optimization. Figure 11-C shows the 2 μm light confined in
the Tm:SIF fiber core, after optimization for coupling to the fundamental mode.

A

B

C

Figure 11: Coupling into a Tm:SIF. A) Image facet before optimization. B) Image facet after optimization,
C) Core coupling

In addition to the visual optimization using the two cameras, the output power is maximized
(at low seed ~200-300mW, and pump power <100mW) by adjusting the pump and signal
alignment. A passive 25/400 fiber was used to measure the optical pump coupling as shown in
Figure 12. It was determined that ~89% of the pump light was transmitted with 6% loss associated
with the pump telescope.
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Figure 12: Coupling transmission through passive step index fiber.

The full amplifier results are provided in Section 4.4, including the impact of the fiber
mount temperature. Figure 13 shows the transmitted pump power through the 90 cm Tm:SIF as
well as the calculated transmitted power based on a MatLab simulation to estimate absorption, the
effective fiber length, and the expected extractable energy.
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Figure 13: Laser transmission Step index Tm:fiber

3.2 Tm:fiber Oscillator
The oscillator is a Q-switched Tm:fiber laser producing nanosecond pulses with narrow
and tunable wavelength. Although the optimization of this oscillator is beyond the scope of this
thesis, it is important to fully characterize the oscillator output as well as to ensure that the output
provides diffraction-limited beam quality, narrow spectral linewidth with minimal nonlinearity
and high OSNR, ~100 ns pulse duration, and linear polarization. In particular for these tests, it
was critical to provide the maximum possible seed pulse energy (without sacrificing the
performance parameters described above). Therefore, the oscillator was based on a 95 cm long
Tm:PCF.
The Tm:PCF has a 50/550 µm core/cladding diameter and 0.04/0.45 core/cladding NA.
The fiber was produced by NKT Photonics and first reported in [15]. The oscillator cavity
schematic is shown in figure 14. The output end of the active fiber is cleaved at 0o to provide
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~3.5% feedback reflection to function as an output coupler. The other end of the fiber end is
cleaved at ~5o angle to suppress feedback from the fiber facet. A 600 line/mm gold coated
diffraction grating serves as the high reflector, to provide control of wavelength and spectral
linewidth.
As illustrated in Figure 15, a 25 mm focal length aspheric lens is used to collimate the
Tm:PCF 2 µm output. A dichroic mirror is used to reflect any residual pump light so that it can be
measured as part of the experiments. A polarizing beam splitter cube (PBS) and half-wave plate
form a light valve so that it is possible to vary the output power without changing the pump power,
which would result in unwanted variation of pulse duration and stability. The AOM Q-switch is
aligned so that the 1st diffracted order is reflected back from the diffraction grating.
A 100 W, 793 nm DILAS diode laser with a 200 µm core diameter and 0.22 NA delivery
fiber is used to pump the 95 cm Tm:PCF fiber. A 1:1 telescope consisting of 1” diameter, 25 mm
focal length lenses are used to couple the pump light into the flat cleaved end. A dichroic filter
after the telescope reflects the pump light and transmits the 2 µm signal light. An aluminum plate
water-cooled to 13.5 °C is used for thermally managing the Tm:PCF. This nanosecond Tm:PCF
oscillator output parameters are fully detailed in Section 4.11.
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(A)

(B)
Figure 14: A) Oscillator schematic. HR: Highly reflective mirror. Q-SW: Q-Switching element. BP: Beam
splitter. F: 800nm filter. L: lens. M: mirror. B) Images of the oscillator setup

In addition, we used another in house build thulium fiber oscillator (figure 15), which is
based on a 4-m long section of Tm:SIF with 10/130 µm core/clad diameter (Nufern PM-TDF10P/130-HE) pumped by a 35 W, 793 nm diode laser (DILAS) through a (2+1)x1 pump combiner
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(ITF/Avensys). An AOM is an Q-switch element for the generation of nanosecond pulses, and an
intracavity diffraction grating is used for wavelength selection. This Tm:SIF fiber laser oscillator
produce 1.95 W average power.

Figure 15: In house build MM LMA Tm:SIF fiber laser oscillator.

3.3 Tm:SIF Amplifier
The oscillator by itself is unable to reach the desired power and pulse energy for our
applications. Therefore, amplifier stages are required. Here’s some researcher work. Gutty used a
Q-switch oscillator and one amplifier stage to get 7 kW peak power, with 23 ns pulse width [90].
Gaida reported a 1 MW peak power at 1964 nm wavelength with ~7 ns pulse width and 10 kHz
repetition rate [65]. The current work we describe will consist of an oscillator with a single
amplifier stage, which consists of a 25/400 Tm:SIF.
This amplifier fiber is mounted on a chill plate that is independent from the oscillator and
pump diodes. The free-space pump and signal coupling simplifies measurement of input and
transmitted pump; seed input power/energy, spectrum, pulse duration, beam quality, polarization;
and output power/energy, spectrum, pulse duration, beam quality, polarization.
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The seed from the Tm:PCF oscillator is coupled into the amplifier fiber with a 11 mm lens.
A dichroic filter is used to reject any unabsorbed pump light. For thermal management, the fiber
is placed in an 80 cm long v-groove that is independently temperature controlled by a chiller
(Termotek-AG P308 chiller with 10-30 ˚C temperature range). The amplifier performance was
tested for different lengths of 25/400 core/cladding Tm:LMA fiber, 90, 95, 100, and 150 cm long,
with both facets angle cleaved. A dichroic filter is placed in between the telescope to couple out
the amplified seed, figure 16.

Figure 16: Schematic of the thulium fiber laser system.
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CHAPTER 4: RESULTS & DISCUSSION
This chapter, describes the experimental performance of the Tm:fiber oscillator and the
results of several amplifier experiments. We used two oscillators, labeled as a Tm:PCF for the
first oscillator, and Tm:SIF for the second oscillator. The discussion of these results includes
comparison to published work. The goal is to develop an amplifier test bed enabling sufficiently
complete performance characterization to improve current modeling capability.

4.1 Nanosecond Tm:PCF Q-Switched Oscillator Performance
The Tm:PCF oscillator schematic is illustrated in figure 14 , has smeller configuration to
Tm:PCF oscillator was originally implemented by Kadwani in our laboratory [98] using a 2.7-m
long section of Tm:PCF, producing 8.9 kW peak power with 435 μJ, 49 ns pulses at 10 kHz
repetition rate. In this work, the length of the fiber is 95 cm and the repetition rate is 20 kHz. The
short fiber length makes it possible to tune the output to short wavelengths and the higher repetition
rate helps to reduce ASE buildup between pulses. As is described below, the oscillator in this work
produced 3 W average power, with 150 µJ pulse energy and 65 ns pulse duration (2.16 kW peak
power).
The experimental results for pumping the Tm:PCF pumped at 793 nm (with no cavity
feedback) is shown in Figure 17, with the Tm:PCF absorption defined by equation (13)

𝐴𝑏𝑠𝑜𝑟𝑏. =

𝑃𝑖𝑛 −𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
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(13)

where; Pin is the input 793 nm laser power, and Pout is the power measured at the other Tm:PCF
end..

Figure 17: Absorbed power of 793 nm laser through the 95 cm Tm:PCF.

Figure 68 shows the spectral output of the fiber at 30 W and 57 W pump respectively. Free
lasing was observed at 57 W pump power, with a narrow spectral output at ~1.88 μm on top of the
broadband ASE output spanning from ~1.65 – 2.0 μm. Before free lasing, the maximum backward
propagating ASE output power was 28 mW.
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Figure 18: ASE and free lasing of the nanosecond Tm:PCF oscillator system.

With the free-space portion of the cavity aligned to provide feedback to the Tm:PCF using
a diffraction grating, an oscillator is formed producing linearly polarized output tunable from 1837
– 1957 nm, as seen in Figure 19. The tuning range is limited by competition with free-lasing near
the ASE peak.

Figure 19: Tm:PCF oscillator output spectrum, showing the shortest and longest wavelengths that could
be generated.
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The maximum output power was 3.1 W from 52.64 W of 793 nm launched pump power,
with 12.7% slope efficiency as seen in Figure 20. Figure 20 also shows the temporal pulse shape
and the output beam profile at the maximum output of 150 μJ pulse energy and 65 ns (FWHM)
pulse duration.

Figure 20: Tm:PCF oscillator temporal pulse shape, slope efficiency, and beam profile

The second oscillator that build in house Tm:SIF, has performance showed in figure 21.
The output average power is 1.1 W with 50 μJ pulse energy for 72 ns pulse width.

Figure 21: In house build Tm:SIF oscillator performance.
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4.2 Optical Path Loss between Oscillator & Amplifier
As shown in section 3.6, the seed pulse from the oscillator must be coupled to the amplifier
and it is important to correctly account for all losses and/or changes induced prior to amplification.
The seed is transmitted through an optical isolator to prevent feedback from the amplifier. By
rotating the linear polarization of the seed with a half waveplate, the input polarizer on the isolator
can be used as a variable transmission “light valve” so that the seed power/pulse energy can be
controllably tuned without changing the operation of the oscillator.
For the Tm:PCF oscillator, the maximum power is 3.1 W with a maximum of 2.09 W
reaching the amplifier input corresponding to ~33% loss. The Tm:SIF oscillator likewise has loss.
The losses associated with each element between the oscillator and the amplifier are accounted for
following the schematic in figure 22. The loss associated with the two turning mirrors (M) has
been measured at 45˚ angle, and each one has 3-5% loss varying slightly relative to the angle of
incidence. The isolator (ISO) and the light valve (λ/2 + BPC) have a maximum transmission of
75%. The output signal power is 2.05 W at the directly from the Tm:SIF, 1.5 W at the amplifier
coupling.

Figure 22: The optical path to deliver the seed signal into the amplifier.
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4.3 Tm:SIF Amplifier
The results of this section follow from previous work on Tm:fiber laser development such
as Jackson [49], Eichhorn [44], Evans [45], Shah [98], and Gaida [99]. This work provides detailed
characterization of the pulsed amplifier performance of LMA Tm:fiber. Many research groups in
this field have used this fiber; however previous work has focused on the performance of overall
systems rather than a detailed characterization of the amplification process itself.

4.3.1 Seed Coupling Into Tm:SIF Amplifier
Before presenting the Tm:SIF amplifier performance results, the seed coupling should be
discussed. The losses through the optical path between oscillator and amplifier have been
presented and discussed in the previous section 4.2. The collimated seed from the oscillator is
focused into the Tm:SIF amplifier fiber with an 11 mm focal length aspheric lens for the Tm:SIF
oscillator coupling, and 0.5 NA, 25.4 mm diameter asphere lens for the Tm:PCF oscillator
coupling. The seed coupling into the amplifier fiber must be optimized in terms of both coupling
efficiency and fundamental mode excitation. Coupling to the fundamental mode (FM) in the fiber
core is very sensitive, particularly in LMA fiber supporting multiple transverse modes.
Figure 23 shows the core coupling into the Tm:SIF amplifier fiber for FM excitation. It is
critical that the light be coupled into the core and not into the cladding, as illustrated in the
optimization between Fig, 23 A and B. In addition, the core supports multiple transverse modes.
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Fig 23-C provides a magnified image of the signal mode in the core illustrating excitation of the
fundamental LP01 mode in the Tm:SIF amplifier fiber.

Figure 23: Seed coupling into the Tm:SIF amplifier fiber core with modes.

Figure 24: Transmitted and absorbed seed signal through the Tm:SIF amplifier

The transmission and absorption through the Tm:SIF amplifier fiber is shown in figure 24.
The Tm:PCF oscillator provide 2 W seed power at 1954 nm immediately before the lens focusing
into the amplifier. The Tm:SIF amplifier fiber absorbs most of the seed signal with only 14.8% of
the total signal transmitted completely through the 150 cm amplifier fiber.
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4.3.2 Tm:SIF Amplifier Performances
This section describes the amplifier performances spectrally and temporally relative to
various input seed conditions and pump powers. Figure 25 shows an example of the pulse shape
after the Tm:SIF amplifier seeded with the Tm:SIF oscillator, the pulse width is ~260 ns for 1988
nm wavelength with 1.76 W average power, ~90 µJ energy at 0.77 W, 38 µJ seed power and
energy.

Figure 25: The pulse shape after the amplifier.

41

Figure 26: The relation between pulse width and FWHM for oscillator and amplifier for three central
wavelengths 1988, 2035, 2050nm

An investigation of the pulse width related to the spectral width for Tm:SIF oscillator and
amplifier are presented in figure 26. This data helps in understanding the relationship between the
spectral FWHM and the optical signal-to-noise ratio (OSNR) with energy, and peak power.
The pulse width for the Tm:SIF oscillator output varies from ~450 ns at ~10 µJ, with ~0.7
nm spectral width for 2050 nm wavelength; to ~100 ns at ~40 µJ energy, with ~2 nm spectral
width for 1988 nm wavelength. The output of Tm:SIF amplifier has a pulse width of ~270 ns at
~50 µJ energy with ~0.9 nm spectral width when seeded with 0.77 W, 35 µJ at 2050 nm with 345
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ns pulse duration; when seeded with 0.77 W, 35 µJ at 1988 nm with 114 ns pulse duration, the
Tm:SIF amplifier produced ~80 ns pulses at 470 µJ energy with ~6 nm spectral width.
As the pulse width decreases, the peak power and consequently the spectral width increase
in both the oscillator and amplifier. For example, ~450 ns seed pulses with ~47.5 W peak power,
0.6 nm spectral width at 2050 nm wavelength from the Tm:SIF oscillator reduce ~270 ns pulse
duration and increase to 1 nm spectral width when amplified to 191 W peak power in the Tm:SIF
amplifier. Abnormally broad spectral broadening to 60-66 nm FWHM values was observed at
1988 nm wavelength for 93 and 81 ns pulse width, 0.7 and 1.6 kW peak power, when seeded with
0.77 W average power, 333 W peak power, 38 µJ energy, 114 ns pulse width, and ~1.9 nm spectral
width from the Tm:SIF oscillator and 23 W absorbed pump power in the amplifier at 20 kHz
repetition rate.
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Figure 27: The relation between energy and pulse width for oscillator and amplifier for three central
wavelengths 1988, 2035, 2050nm

The general trend illustrated in figure 27 is for the pulse width to decrease with increasing
output energy. For this measurement set, the highest energy recorded is around 48 μJ at ~230 ns
pulse width, 2 nm spectral width, and 203 W peak power at 2035 nm in the Tm:SIF oscillator. The
amplifier produces 470 μJ pulses with ~80 ns duration, 1.9 nm spectral width, and 5.8 kW peak
power at 1988 nm, at fixed seed parameters 0.77 W average power, 38 µJ energy, 114 ns pulse
width, 333 W peak power, and 1.8 nm spectral width.
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Figure 28: The amplified output as a function of seed power. And, the amplifier gains vs. seed power as a
function of pump power.

The amplification of signal is presented by figure 28. The output power is plotted relative
to absorbed pump power for several seed powers (left) and the gain/meter is plotted relative to
seed power for several pump powers (right) to show the effects of gain saturation. For example, it
is clear that for seed powers of >1 W, the output power is linearly proportional to the absorbed
pump. Furthermore, this data shows that the highest gain factor occurs when the pump power is
highest and the seed power is lowest. This gain factor depends on several parameters such as the
length of the fiber, the fiber doping percentage, and the fiber MFA, which affect absorption and
cross relaxation.
Figure 29 shows the results of amplification in a 150 cm long Tm:SIF 25/400 um core/clad
diameter with 4 wt.% Tm2O3 in the fiber core. For a maximum absorbed pump power of ~33 W
and maximum seed injected power of 0.94 W at 1947 nm, the maximum output average power is
8 W. The pulse energy is ~400 μJ with 74 ns pulse width corresponding to a pulse peak power of
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~7.5 kW. While longer fiber enables greater pump absorption with associated higher gain and
energy storage, shorter fiber lengths reduce the accumulation of nonlinear effects. Therefore, the
optimization of the fiber length depends on the desired performance of the system.
During these tests, free lasing and nonlinear spectral broadening were not observed. It is
therefore possible to achieve still higher output powers before these factors limit power scaling.

Figure 29: The output, average power, energy, and peak power of 150 cm Tm:SIF amplifier fiber at 1947
nm central wavelength and 20 kHz repetition ratio.

The maximum output energy and peak power achieved during amplification it is done by
Tm:SIF MOPA system that has 150 cm Tm:SIF amplifier fiber length. The results was 700 μJ with
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~3 kW, ~260 ns pulse duration at 1977 nm, ~3 nm spectral width 20 kHz, the average power
corresponded to 14 W for ~30 W of absorbed pump power, with ~70 μJ energy, 1.4 W average
power, ~300 ns pulse width, and ~230 W peak power seed parameters. As a CW amplifier at 1941
nm, a maximum power of 22 W was produced from ~48 W absorbed pump power, with 48% slope
efficiency, which has 1.9 W seed power as shown in Figure 30.

Figure 30: The highest output from the nanosecond Tm:SIF MOPA system.
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4.3.3 The Spectrum of Tm:SIF Fiber MOPA.
The output spectral width and stability are critical parameters in many applications such as
OPO pumping. In this work, both ASE and nonlinearity can degrade the spectrum and must be
properly managed while maximizing output energy
As a part of this work, spectra have been measured for different powers, energies, and
wavelengths. Figure 31 shows the spectrum of the Tm:SIF oscillator at three different wavelengths.
The OSNR is 30 dB for 1988 nm (figure 31-A), 23 – 45 dB for 2035 nm (figure 31-B), and 38 dB
for 2050 nm, (figure 31-C). The spectral measurements were recorded at 9, 16, and 23 W absorbed
power. In all cases, the spectral width (FWHM) increases with the applied pump power, from 0.6
nm with ~9 µJ energy, 23 W peak power, at ~420 ns pulse width, to 1.5 nm with ~39 µJ energy,
342 W peak power, at ~114 ns pulse width at 1988 wavelength, from ~0.2 nm with ~10 µJ energy,
21 W peak power, at ~480 ns pulse width, to 1.5 nm with ~46 µJ energy, 202 W peak power, at
~233 ns pulse width at 2035 nm wavelength, and from 0.25 nm with ~8 µJ energy, ~23 W peak
power, at ~350 ns pulse width, to ~2.5 nm with ~35 µJ energy, 117 W peak power, at ~298 ns
pulse width at 2050 nm wavelength, associated with nonlinear effects such as self-phasemodulation (SPM), stimulated Raman scattering (SRS), and four-wave mixing (FWM) into the
fiber [100]. The spectrum is narrow and more symmetric at long wavelengths (figure 31-C),
relative to shorter wavelengths (Figure 31A).
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Figure 31: Tm:SIF oscillator spectrum at threshold, mid, and full pump power. A) 1988nm, B) 2035nm, C)
2052nm.
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Figure 32-A illustrates the evolution of the spectrum in the Tm:SIF amplifier with fixed
seed 0.75 W average power, 37 µJ, 1.3 nm spectral width, ~300 ns pulse width, and 123 W peak
power at 2041 nm wavelength. The OSNR remains above 43 dB, while spectral broadening during
amplification increases the FWHM from 0.73 to 1.7 nm. Tang [80] also observed the broadening
in spectrum with pump increasing.

Figure 32: Spectrum of Tm:SIF oscillator & amplifier at deferent wavelengths, seed energy, and pump
power. A) 2041nm. B) 2052nm.

For fixed seed 0.5 W average power, 25 µJ, 1.3 nm spectral width, ~200 ns pulse width,
and 125 W peak power at 2052 nm, the output spectra are noticeably narrower. As shown in figure
(32-B), the OSNR is ~55 dB, while the FWHM increased from 0.22 – 0.9 nm. The seed spectrum
at 2052 nm is more clean than the seed spectrum at 2041 nm. Peak power was 252 W at 2041 nm,
and 156 W for 2052 nm at the same absorbed power 10.8W
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Figure 33: Spectrum from Tm:SIF MOPA laser under difference repetition ratio.

We also investigated the effect of changing the pulse energy at fixed absorbed pump power
by changing the repetition ratio. Figure 33 shows the spectra at 2025 nm central wavelength for
20, 50, 80, and 100 kHz repetition rates with the maximum pump power. The OSNR is ~47 dB for
all the repetition rates and the spectral width ranges from 1.01 – 0.03 nm. The spectrum is broadest
and has the most complicated structure at 20 kHz repetition rate, as the peak power is sufficient to
induce SPM and FWM. Increasing the repetition rate decreases the peak power resulting in less
broadening and cleaner spectrum.
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Figure 34: Spectrum of Tm:SIF MOPA at 1993nm for deferent the repetition ratios frequencies 20, 50, 80,
100kHz. A) At oscillator. B) At amplifier.

The spectra for different repetition frequencies at central wavelength 1993 nm between the
Tm:SIF oscillator and Tm:SIF amplifier are presented at figure 34.
Initially, the oscillator spectrum is narrow and symmetric with high OSNR and minimal
structure. The FWHM is 0.019 – 0.68 nm. At 50 kHz, the oscillator has a broader spectrum than
at lower and higher frequencies. This behavior was also observed for pulses at other wavelengths.
At fixed seed power and energy, the spectrum after amplification through the amplifier has
~38 dB OSNR. The FWHM is 1.44 nm after the amplifier. The spectrum is less symmetric than in
the oscillator.
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Figure 35: The peak power of three wavelengths 1988, 2035, and 2050nm related to the spectral width
FWHM at the oscillator and amplifier output of the Tm:SIF MOPA.

The relation between spectral wavelength and peak power is presented at figure 35. This
data illustrates three separate groups with <1.0 nm linewidth, 1.0 -2.5 nm linewidth, and broader
>4 nm linewidth.
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The spectral linewidth depends on the peak power. In the Tm:SIF oscillator, the first group
of two spectral widths for 1988 nm, and 2035 nm wavelengths, are less than 100 W peak power,
and ≥ 1 nm spectral width. This group has very narrow line, and high positive slope. The second
group of two spectral widths on the oscillator results for 1988 nm, and 2035 nm wavelengths, has
lower positive slope, and it is around 70-170 W peak power. The final group of two spectral widths
on the oscillator results for 1988 nm, and 2035 nm wavelengths, has a negative slope, and has a
peak power regime from ~200 - 350 W peak power. The 2050 nm wavelength has high lasing
threshold and lower output power, for that there are only two groups of spectral widths, where the
first group shows higher positive slope than other wavelengths, with less than 50 W peak power.
The second group shows normal slope like other wavelengths and stated between 90 – 110 W peak
power regime. For all 2050 nm wavelength groups, the spectral widths around the 0.5 nm.
With Tm:SIF amplifier there are different behave from all the groups for all wavelengths
than what the oscillator had. The seed is fixed with highest output for each wavelength. The
wavelength 2050 nm seeded with 35 µJ energy, 117 W peak power, 298 ns pulse width, and 0.5
nm spectral width. All the 2050 nm spectrums FWHM are around the 1.0 nm, where all groups
placed with less than 1.1 kW peak power, and keeping the same slope behave at the oscillator.
2035 nm wavelength provided semi like the behave at the oscillator, but the second group slope
was very low and the third one has positive slope in behalf of negative one. The peak power has
factor ~11 of magnitude to be from 0.5 – 3.5 kW. Seed was fixed with 47 µJ energy, ~200 W peak
power, 233 ns pulse width, and 2 nm spectral width. 1988 nm wavelength has a widespread result
for the spectral width related to the peak power. It is seeded by fixed with 38 µJ energy, ~333 W
peak power, 114 ns pulse width, and 1.9 nm spectral width. However, the spectral width has odd
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results at 60 and 66 nm, where it reaches the highest peak power with 5kW at 2 nm spectral width,
~470 µJ energy and 81 ns pulse width.
Short wavelengths show higher peak power with reasonable widespread spectral width
lower than 4 nm. While long wavelengths show lower peak power and very close narrow spectral
width.

4.4 Temperature Influence Investigation

This section describes experiments to study the impact of the amplifier mount temperature
on amplification for a range of wavelengths. The pulse amplification results are presented at
section 4.3.2, while the spectral analyses are presented at section 4.3.3.
This work was performed in two setups to check the temperature effect on the pulse
amplification and spectrum. The first setup used a 95 cm long Tm:SIF fiber with 15-28 ˚C range
in temperature on the fiber mount, with 1.4 W of seed power at several wavelengths at 20 kHz
repetition rate. Figure 35 shows the results for extractable energy from the amplifier seeded by
Tm:PCF oscillator for wavelengths 1838, 1877, 1913, and 1947 nm. The Tm:PCF oscillator seed
the Tm:SIF amplifier with seed powers from 0.7- 1.392 W.
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Figure 36: Pulse energy from the Tm:SIF amplifier for different seed wavelengths and operating
temperatures

At wavelength 1838 nm the output power vs. launched power has an exponential slope, but
linear slope for the other wavelengths (figure 36). The absorbed pump is constant, so the inversion
is fixed providing a fixed amplification factor. The temperature does not have a strong effect on
the pulse amplification over the range of conditions tested, however the sensitivity to temperature
decreases from ~25% variance in output energy to ~10% as the wavelength increases.
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Figure 37 shows the relation between wavelength and extractable energy for different
applied temperatures. The highest output energies are achieved at the longer wavelengths and 15˚C
provided the best performance. The highest output is 350 µJ at a wavelength of 1947 nm and 15
°C.

Figure 37: Maximum extracted energy from the Tm:SIF amplifier with respect to wavelength and operating
temperature.

The free leasing and ASE have also been investigated relative to temperature. Figure 38,
shows the free leasing thresholds for 15, 20, 28˚C temperature degrees. The 15 °C operating
temperature producing 120 mW of ASE prior to free-lasing. The ASE bandwidth is ~100 nm for
all temperatures, however the ASE output power values and free leasing thresholds did vary with
temperature as shown in Figure 38. The temperature dependent Boltzmann distribution of the
electrons within the energy levels of the thulium results in greater ground-state reabsorption of
ASE at higher temperatures.
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Figure 38: ASE power and spectrum for the Tm:SIF amplifier as a function of temperature.

The second setup used a 150 cm Tm:SIF fiber on the amplifier stage, and 12 - 36˚C
temperature degree range. Figure 39, shows the effect of temperature on pulse amplification as an
average power and extractable energy for 1947 nm central wavelength.
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Figure 39: The extractable verge power & energy from 150 cm Tm:SIF amplifier fiber at 12 - 36˚C
temperature degree range.

Given a seed with 0.94 W average power and 48 μJ energy, the maximum output is 8.1 W
average power, and 417 μJ output energy with ~33 W absorbed power inside the fiber. The mean
amplification factor (F) is F = 8.6.
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CHAPTER 5: CONCLUSIONS

Wavelength tunable laser sources in the mid-IR providing energetic laser pulses with multi
W-level average power are desirable for a wide range of applications including LIDAR, remote
sensing, material processing, and medicine. Building OPO’s in this region sets high demands on
overall laser performance and we use this performance metric to judge the quality of the MOPA
performance.
While the pumping of mid-IR OPOs is dominated by solid-state laser systems, Tm:fiber
lasers have shown promise based on average power scalability, high beam quality, and high
efficiency via 793 nm diode pumping. This work investigates nanosecond pulsed amplification in
LMA thulium fiber, with the goal of designing and optimal MOPA configuration producing 1 mJ
energy with 10 kW peak power and >10 W average power.
In order to precisely characterize and account for both pump and signal in the amplifier, the
amplifier configuration and the characterization methodology were carefully designed to enable
the

investigation

of

coupling

into

the

fiber

core,

mode

stability,

pump/signal

transmission/absorption, optical-to-optical efficiency, and ASE power/spectrum. The effect of
fiber mount temperature on amplification performance is also explored. This effect was found to
have little impact on the amplification process, except for low seed energies and short wavelength.
Two nanosecond Q-switched oscillators built in house have been used in this work to seed
TmSIF amplifier. Oscillator 1 is a Tm:PCF provide 2 W average power, 150 µJ energy, and 75 ns
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pulse width. Oscillator 2 is a Tm:SIF provide ~1 W average power, 50 µJ energy, and 120 ns pulse
width.
The amplification through two lengths of otherwise identical Tm:SIF fibers has been
investigated. First Tm:SIF fiber 1, 95 cm long, shows maximum output of 350 µJ energy at 1947
nm with 3 W average power. Where fiber 2, has 150 cm long, shows 10 times amplification factor
with maximum output of 15.3 W output average power and 700 μJ pulse energy at 20 kHz, and 22
W with 48% slope efficiency in CW operation.
This work has addressed; the relationship between the spectral width relative to the energy
and peak power. This work shows that long wavelengths show less sensitivity to the nonlinear
spectral broadening. The OSNR is 38 – 55 dB. The spectral line width ranges 0.02-3.0 nm in
general. These spectral widths producing up to 5 kW peak power depending on the wavelength.
Further development is necessary to improve the performance of Tm:fiber laser systems
for higher energy, higher peak power, and lower nonlinearity. Following to this work and similar
works that study the output energy, peak power, FWHM, it is highly desirable to expand these
investigates to study and compare amplification performance in different fibers, to increase the
efficiency and mode area. Pushing Tm:fiber to the highest output levels requires more detailed
investigations on the Tm:fiber glass damage thresholds and more precise characterization of
Tm:fiber nonlinearity thresholds. In particular, minimizing nonlinearity it critical to producing
high peak power pulses with narrow spectral width and high OSNR for demanding applications
such as OPO pumping and LIDAR.
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